The major citrate synthase of Bacillus subtilis (CS-II) was purified to near homogeneity and shown to correspond to the product of the citZ gene. Accumulation of CS-II during exponential growth and stationary phases paralleled expression of the citZ gene. The physical and kinetic properties of CS-II were similar to those of citrate synthase enzymes from Bacillus megaterium and from eukaryotic cells but differed from those of citrate synthases from many gram-negative bacteria.
purified B. subtilis enzyme retained its activity for more than 6 months at 4ЊC and for about 2 years at Ϫ20ЊC.
The N-terminal amino acid sequence (MTATRGLEGV VATTSSVSSII) and the sequence of an internal tryptic peptide (MLTEIGEVEN) were identical to those predicted from the DNA sequence of the citZ gene (7) . These results very strongly suggest that citZ encodes CS-II.
Molecular mass and oligomeric state of native CS-II of B. subtilis. A broadly based analysis of CS enzymes from a large variety of biological species (22) has led to the conclusion that most such enzymes fall into one of two classes. With relatively few exceptions, CS from gram-negative bacteria is hexameric (mass, ϳ250 kDa), whereas CS from gram-positive bacteria, Archaea, and eukaryotes is dimeric (mass, Ͻ100 kDa) (11, 22, 23) .
In sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) purified CS-II protein gave a single Coomassie blue-staining band with an apparent mass of approximately 41 kDa, on the basis of comparison with the electrophoretic mobilities of standard proteins (Fig. 1) . The mass of the CS-II polypeptide predicted from its DNA sequence is 41,820 Da (7). The oligomeric state and relative mass of native CS-II protein were determined by the nondenaturing gel electrophoresis method of Bryan (3). Native B. subtilis CS-II protein formed two bands on nondenaturing gels, with the major band having an apparent mass of ϳ91,000 Ϯ 9,000 Da and the minor band having a mass of ϳ51,000 Ϯ 5,000 Da (data not shown). These results suggest that the native form of CS-II is a dimer. Attempts to verify the dimeric state of CS-II by gel filtration chromatography were unsuccessful because of the loss of enzyme activity. Incubation of purified CS-II with dithiobis(succinimidylpropionate), a cross-linking agent, resulted in the conversion of about 20% of the protein to a form that had a mass of ϳ85 kDa in SDS-PAGE (without ␤-mercaptoethanol) (13) . B. subtilis CS-II is the second example of a purified CS from a gram-positive bacterium shown directly to form dimers (18, 22) .
Kinetic properties of B. subtilis CS-II. B. subtilis CS-II showed a hyperbolic dependence of reaction velocity on the concentration of either one of its substrates, acetyl coenzyme A (acetyl-CoA) or oxaloacetate (data not shown). V max was 70 mol of CoA produced per min per mg of protein, and the turnover number was ϳ10 2 s Ϫ1 (assuming that CS-II is a dimer). Analysis of the kinetic data by several methods yielded K m values of 7 to 15 and 6.5 to 22 M for oxaloacetate and acetyl-CoA, respectively. Both sets of K m values are within the ranges found for CS proteins from Bacillus sp. strain C4 (19) , B. megaterium (18) , and pig heart (1) but imply a higher affinity for acetyl-CoA than that attributed to CS from gram-negative bacteria (14, 16, 17, 22, 23) . CS from most gram-negative bacteria is feedback inhibited by NADH but not by ATP (22), but Flechtner and Hanson (5) showed that B. subtilis CS activity in a crude extract (most of which is probably attributable to CS-II) was inhibited in vitro by ATP but not by NADH. We have confirmed that purified B. subtilis CS-II was competitively inhibited (with respect to acetyl-CoA) by ATP, with a K i of 0.81 mM, and was not inhibited by NADH, at levels up to 2 mM (data not shown). CS enzymes from Bacillus sp. strain C4 and B. megaterium are also insensitive to NADH (18, 19) . Thus, B. subtilis CS-II protein has kinetic properties more similar to those of CS proteins from gram-positive bacteria and eukaryotes (1, 10, 12) than to those of CS proteins from gramnegative bacteria. CS proteins from a variety of bacterial species are activated by KCl (22) . Purified B. subtilis CS-II, however, was unaffected by KCl at concentrations from 50 to 125 mM.
Polyclonal antibodies against B. subtilis CS-II. With rabbit antisera prepared against purified CS-II (by HRP, Inc.), nanogram quantities of purified CS-II could be detected in immunoblots (data not shown). When equal amounts of crude protein extracts of various strains were used for immunoblotting, the wild-type strain and a citA null mutant strain, SJB33 (⌬citA::neo [7] ), gave the same intense band with the mobility of a protein with a size of 41 kDa ( Fig. 2A) . The citZ null mutant strain SJB35 (citZ:::spc citC7) gave only a faint band (corresponding to CS-I; predicted mass, 40,937 Da [7] ), and the citA citZ double mutant strain SJB36 (⌬citA::neo citZ::spc citC7 [7] ) gave no reactive band at all (Fig. 2A) . These results confirm that citZ encodes CS-II and indicate that CS-II and CS-I (the product of citA) have at least some epitopes in common. This finding is not surprising since the sequences of the polypeptides have 42% overall identity (7). After centrifugation at 20,000 ϫ g, the supernatant fluid (lane 2) was applied to a DEAE-Sephacel column, and proteins were eluted with buffer A containing a step gradient of KCl (100, 150, and 200 mM). Fractions with the highest specific activities were concentrated against polyethylene glycol 6000 powder and dialyzed against buffer A containing 50 mM KCl. The dialyzed extract (lane 3) was then applied to a matrix gel red A column (Amicon Corp., Lexington, Mass.) and eluted with buffer A containing 50 mM KCl and a step gradient of NaCl (0.5, 1, and 1.5 M). Fractions having high specific activity were collected and dialyzed against buffer A containing 100 mM KCl. The dialyzed extract (lane 4) was applied to a second column of matrix gel red A and eluted with buffer A containing 100 mM KCl, 0.1 mM CoA, and 0.1 mM oxaloacetate. The most active fractions (lanes 5 and 6) were collected and stored at Ϫ20ЊC. Molecular sizes (in kilodaltons [kD] ) are indicated on the right.
FIG. 2. Immunoblotting analysis of CS proteins from B. subtilis. (A)
Crude extract (50 g) from each strain was subjected to SDS-PAGE. Polypeptides were transferred to an Immobilon P membrane and exposed to rabbit antibodies to CS-II. Antigen-antibody reactions were detected by binding of a second antibody (goat anti-rabbit immunoglobulin G) coupled to alkaline phosphatase and incubating with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (Sigma Chemical Co.). Lanes (from left to right): strain SJB36 (⌬citA::neo citZ::spc citC7); strain SJB35 (citZ::spc citC7); strain SJB33 (⌬citA::neo); strain JH642 (cit Time course of accumulation of CS-II. B. subtilis cells grown in nutrient broth (DS) medium express Krebs cycle genes at a low level during exponential growth phase and show a significant induction of transcription as cells enter stationary phase (4, 8) . We measured accumulation of CS-II protein in extracts of cells harvested at various times during exponential and stationary phases (Fig. 2B) . The time at which the peak concentration of CS-II was reached, i.e., at the transition point (T 0 ), corresponded well to the time of maximal accumulation of citZ mRNA, but the level of CS-II late in stationary phase was unexpectedly high. This result could be accounted for if the protein is considerably more stable than is its mRNA or if another, cross-reacting CS is synthesized in stationary phase. In fact, B. subtilis may synthesize a third CS enzyme under some conditions, since a gene that would encode such an enzyme has been found among those transcribed by a sporulation-specific form of RNA polymerase (2) .
In summary, CS-II, the major CS of B. subtilis, has biochemical properties more similar to those of CS from other grampositive bacteria and eukaryotes than to those of CS from gram-negative bacteria. Since CS-II and CS-I have structural similarity and their genes have overlapping patterns of expression, it remains to be seen why B. subtilis has a second, less active and less abundant enzyme (7) . We note that multiply mutant strains of Pseudomonas aeruginosa and Escherichia coli defective in their hexameric, NADH-sensitive CS enzymes have been shown to produce dimeric, NADH-insensitive CS (15, 20) . These results raise the possibility that wild-type strains of these organisms have the potential to produce both types of enzyme. It will be interesting to find out whether B. subtilis CS-I differs from CS-II in its oligomeric state and kinetic properties.
